T he middle midgut of the Drosophila gastrointestinal (GI) tract has long been recognized for its distinctive biology. Strasburger (1) first noted the conspicuous morphology of the cells in the middle midgut or "Mitte" for their large size and peculiar packing arrangement within the midgut epithelium, which could be readily distinguished from both the anterior and posterior midgut by light microscopy. Based on this morphology, Strasburger called these cells "Calycocyten" or calycocytes by analogy to the acid-secreting cells in the larvae of the moth Deilephila (2). In addition, early studies of metal accumulation in the GI tract of Drosophila revealed that calycocytes of the middle midgut also accumulated copper and emitted orange florescence when the diet was supplemented with Cu ++ (3, 4) . Thus, "cuprophilic cells," "copper-accumulating cells," or simply "copper cells" ultimately emerged as the preferred nomenclature for this subset of cells in the midgut epithelium.
Subsequent ultrastructural analysis has revealed that the copper-accumulating region of the middle midgut is a mosaic consisting largely of copper cells and interstitial cells (5) (6) (7) . Copper cells have a basally located nucleus, a deeply invaginated apical membrane covered with long microvilli, and a high density of mitochondria. In contrast, interstitial cells have a more apically localized nucleus, short microvilli, and a broad apical profile that appears to restrict exposure of adjacent copper cells to the luminal contents. It has been suggested that interstitial cells may have an active role in regulating copper cell function and thus together comprise a functional cellular unit (7, 8) .
Of all of the differentiated cell types in the midgut, the function of copper cells is perhaps best understood. Feeding experiments using pH indicator dyes have demonstrated that the midgut can be subdivided into physiologically distinct compartments on the basis of pH (1, 6, 7, 9) . These studies provide anatomical evidence that the copper cell region (CCR) in the middle midgut correlates with a region defined by an extremely low pH (pH < 3). These findings are also consistent with histological and ultrastructural observations suggesting that the apical membrane of copper cells is the site of vacuolar H + ATPase proton-pump enrichment (6, 8) . Moreover, feeding or perfusion of guts with acetazolamide, a carbonic anhydrase inhibitor, leads to the elimination of the acidic compartment of the midgut (7) . These studies support the notion that the Drosophila vacuolar H + ATPase pump employs a carbonic anhydrase-catalyzed pool of H + to acidify the CCR. Finally, genetic studies show that mutations that disrupt copper cell formation result in a failure of midgut acidification (9) . Altogether, these studies demonstrate that acid-secreting copper cells are responsible for generating an acidic compartment within the middle midgut.
The mammalian stomach is divided into anatomically and functionally distinct regions (10, 11) . The majority of the stomach is called the corpus. This region is highly enriched in gastric parietal cells, the principal cell type specialized for regulated acid secretion in the stomach. In contrast, the smaller antral region of the stomach, which lies adjacent to the intestine, does not contain an abundance of acid-secreting parietal cells. It has been noted that copper cells and gastric parietal cells share strikingly similar cell morphology and function, suggesting that these two cell types are analogous (8, 12) . For these reasons, the CCR has also been referred to as the "stomach" (6, 8) .
Although considerable progress has been made in understanding the cell biology of acid secretion across the apical plasma membrane of parietal cells, the homeostatic mechanisms that maintain these cells is not well understood (10) (11) (12) (13) . Lineagetracing studies in mammals have identified Lgr5 + stem cells in the stomach's antrum (14) . However, the slowly proliferating gastric stem cells that give rise to the parietal cells of the corpus have not been identified with single-cell resolution. Thus, despite striking evolutionary conservation of form and function, the cellular mechanisms responsible for maintaining acid-secreting cells in the insect and mammalian GI tracts remain unknown. In this study, we use genetic lineage-tracing methods to investigate the cellular mechanism of homeostasis in the adult Drosophila CCR.
Results
Molecular Markers of the Adult Middle Midgut. Our initial studies confirmed that adult flies that were fed a copper-containing diet yield labeled copper cells in the middle midgut, yet the signal was quite labile under our experimental conditions (Fig. S1 A-C) . Therefore, we first sought a more robust set of molecular markers to facilitate the study of the adult middle midgut. Ongoing screens led to the identification of candidate genes with expression domains in the middle of the midgut (Fig. 1A) . To determine whether these markers were overlapping or mutually exclusive, we conducted a series of double-labeling experiments ( broadest expression pattern and molecularly defines the region that we refer to as the middle midgut. The transcription factors encoded by cut (ct) and labial (lab) mark a subdomain that is largely coextensive with the acid-secreting CCR ( Fig. 1 A and B and Figs. S1 D-F and S2B). The smallest region, defined by the NP2788 enhancer trap, falls within the CCR (Fig. S1 A-F) . Thus, the middle midgut can be subdivided into molecularly distinct regions along the anterior-posterior axis.
A number of previously described cell types and morphological features of the CCR are also evident when using the molecular markers we identified ( Fig. 1 A-D) . For example, copper cells were found to be dve-lacZ + , anti-Cut + , and anti-Lab high (Lab high ) ( Fig. 1 C and D) . In contrast, interstitial cells were dvelacZ + and anti-Lab low (Lab low ), and expressed high levels of the NP2788 Gal4 UAS-GFP (NP2788>GFP) driver line ( Fig. 1 C and  D) . Note that the invaginated apical cell surface of the copper cell, which forms a microvilli-rich canaliculus, reproducibly stained strongly for Ct protein (Fig. 1C, arrows) . However, the significance of this localization is currently unclear. Thus, a panel of molecular and morphological features distinguishes the differentiated cell types of the adult stomach. Cell lineage-tracing experiments were initiated to determine whether a proliferative compartment exists in the middle midgut. Mosaic analysis with a repressible cell marker (MARCM), a genetic strategy that uses mitotic recombination, selectively labels dividing cells with GFP (15) . Using this method, we first asked whether labeled cells could be detected in the adult middle midgut. A total of 387 adult midgut samples were independently analyzed. These studies clearly show that marked lineages (or "clones") can be generated in the middle midgut (Fig. 2 A-D and Fig. S3 A-F) .
To test whether differentiated cells of the middle midgut arise from a common origin, we next examined the composition of marked clones in the adult at 7-14 d after induction. Analysis of molecular and morphological markers showed that individually marked cell lineages contain both copper and interstitial cells (Fig. 2 A-C and Fig. S3B ), indicating that these cell types arise from a common progenitor. Similarly, labeling experiments revealed that marked lineages in the CCR also give rise to enteroendocrine cells, which are marked by the transcription factor prospero (pros) (Fig. S3 C and D) . Altogether, these experiments demonstrate that a multipotent lineage exists in the CCR, which gives rise to the acid-secreting copper cells of the middle midgut.
Previous studies have indicated that the larval middle midgut contains a distinct region of large flat cells (LFCs) that lies immediately posterior to the larval CCR (16). Our molecular screens uncovered an enhancer trap line, NP6293, which indicated that the adult and larval midguts might share a similar organization. Double-labeling experiments in the adult confirmed that NP6293>GFP marks a distinct region of LFCs lying immediately posterior to the CCR (Fig. S2 C and D) . Mosaic analysis indicated that clones recovered in the LFC region either contained dve + LFCs alone or spanned both dve + LFCs and Pros + enteroendocrine cells ( Fig. S3 E and F) . Thus, a second multipotent lineage maintains the LFC region of the middle midgut.
We next sought to determine whether there is a self-renewing lineage in the CCR. Long-term retention of marked cells in a renewing tissue provides a powerful, unbiased method to identify self-renewing stem-cell lineages (17) . Therefore, to define the kinetics of cell maintenance and turnover in the CCR, we next conducted a pulse-chase experiment in which cells in the CCR were labeled with the MARCM system early in adulthood and the resultant GFP + lineages were followed over time. By using this approach, two different cell lineages are predicted. The first class corresponds to marked differentiated cells, which will only be transiently detectable in an actively renewing tissue. The second class corresponds to self-renewing lineages that will be stably detectable in the tissue.
Our lineage analysis revealed that both predicted classes of marked cells can be identified in the CCR based on their clonal composition (Fig. 2D) . Transient clones contained one, or occasionally two, differentiated cells and had a half-life of 6 d. Stable clones contained both undifferentiated and differentiated cell types, were detected at every time point examined throughout adulthood, and had a half-life of 28 d in the gastric epithelium (Fig. 2D ). In addition, we observed that stable clones showed an increase in the number of cells per clone after induction (Fig. 2D) . Thus, long-term maintenance of marked cell lineages is observed in the stomach despite rapid loss of transient clones from the tissue. Altogether, our lineage-tracing studies support a model in which multipotent, self-renewing gastric stem cells (GSSCs) maintain the adult stomach.
Quiescent GSSCs Are Induced to Proliferate in Response to Challenge.
In the course of our lineage-tracing studies, we observed that marked clones in the middle midgut were often recovered at a much lower frequency than in either the anterior or posterior midgut (Fig. 3A) . We hypothesized that this differential labeling might reflect lower stem-cell numbers in the region. To test this hypothesis, we examined expression of two stem-cell markers that have been used to identify intestinal stem cells of the posterior midgut, escargot (esg), and the Notch ligand encoded by Delta (Dl) (18, 19) . A population of esg + cells could be detected in the CCR, but Dl was not detected in the CCR (Fig. 3B and Fig. S4 A-C) . Therefore, GSSCs and intestinal stem cells exhibit different marker gene expression in the Notch pathway.
However, measurements of esg + cell density in the CCR suggested that regional differences in clone detection could not be explained solely on the basis of stem-cell number (Fig. S4D) .
A second possible explanation is that stem cells in the CCR divide infrequently. To test this hypothesis, we first conducted 5-ethynyl-2′-deoxyuridine (EdU) incorporation studies to label cells in S phase. In contrast to the posterior midgut, esg + cells of the CCR did not readily incorporate EdU (Fig. 3B) . We also performed directed cell lineage-tracing experiments with the driver line esg Gal4 ,UAS-GFP,tub-Gal80 ts (esg ts ) (18) to activate the act>stop>lacZ nuc ;UAS-flp lineage tracer (Fig. 3 C-F) . This marking strategy relies on the conditional activation of FLPase enzyme under Gal4/Gal80 control to genetically mark a lineage of interest with lacZ nuc . Control experiments indicate that this marking strategy was not associated with high background labeling in the CCR (Fig. S5D) . Consistent with the EdU-labeling studies, directed cell lineage-tracing of esg + cells produced a low percentage of guts containing labeled daughters in the CCR (Fig. 3 D and E, No HS) . Altogether, these experiments demonstrate that GSSCs are normally quiescent under baseline conditions.
One difference between the lineage-tracing experiments performed with the MARCM system and the set of directed esg + cell lineage-tracing experiments described above is that, in the case of MARCM, a brief 37°C heat shock was administered to induce cell labeling. We reasoned that some of the variation in MARCM clone recovery observed in the CCR (e.g., Fig. 3A and Fig. S3A ) might be because of the secondary effects of heat stress on the gastric epithelium during the MARCM induction protocol. To test this possibility, we combined directed esg + lineage tracing with a heat shock of varying intensity. Challenging the flies with heat shock led to a dose-dependent increase in the percentage of samples containing labeled daughter cells (Fig. 3  C-F) ; an increase in the number of esg + , EdU + cells (Fig. S5 A-C); and an increase in the number of new daughter cells produced in the CCR (Fig. S5D) . Thus, esg + cells in the CCR are normally quiescent but can be stimulated to divide and produce new daughter cells in a dose-sensitive manner in response to heat stress.
Although the level of heat stress is easily controlled and thus useful for testing the dose-sensitive effect of stress on the gastric epithelium, we wanted to extend our analysis to include the effect of a more physiologically relevant environmental challenge. Ingestion of the Gram-negative pathogen Pseudomonas entomophila (Pe), originally isolated from Drosophila, leads to enteric infection, destruction of gut cells, and subsequent regeneration of the epithelium (20, 21) . As in the case of heat stress, flies challenged with Pe exposure displayed increases in both proliferation (Fig. S6 A-C) and the number of daughter cells produced by marked esg + lineages in the middle midgut (Fig. S6 D-F) . Altogether, our experiments demonstrate that quiescent esg + cells in the CCR are induced to regenerate the gastric epithelium in response to a range of tissue-damaging insults.
esg Is a Marker for GSSCs. The adaptive response of esg + cells to challenge raised the possibility that esg might mark the GSSCs defined in our long-term lineage-tracing studies. To test this possibility, we first asked whether esg + lineages could give rise to all of the differentiated cells of the stomach. Combining directed esg + cell lineage tracing with molecular markers revealed that new copper, interstitial, and enteroendocrine cells are all generated in CCR after challenge (Fig. 4A and Fig. S7 A-F) .
It is possible that esg + cells are committed progenitors of the CCR that do not self-renew. If so, their proliferative potential should be exhausted once the gastric epithelium has been replenished. To test this possibility, we examined the proliferative potential of esg + cells in a serial challenge assay, where flies were successively presented with both heat shock and Pe challenge (Fig. 4B, Upper) . Serial challenge experiments detected no significant difference in the ability of esg + cells to divide in response to Pe infection, even after the gastric epithelium had been regenerated in response to the initial heat shock challenge (Fig. 4 B-D) . These findings are consistent with the view that esg + cells mark the GSSCs of the CCR.
Wnt Signaling Is Necessary for GSSC Maintenance. The conserved Wnt signaling pathway plays a central role in GI homeostasis in both invertebrates and vertebrates (22) (23) (24) (25) . We therefore tested the relevance of Wnt signaling to maintain GSSCs in the adult Drosophila stomach. A dominant-negative form of pangolin, pan ΔN , the Drosophila lymphoid enhancer-binding factor 1/T cell factor (Lef1/TCF) homolog (26, 27) , strongly abrogates Wnt signaling in the posterior midgut (23) . To test the necessity of pan, we first conditionally activated pan ΔN with the esg ts driver in adults and then scored the number of esg + cells that persisted throughout adulthood. In contrast to WT, expression of dominant-negative pan led to a rapid decline in the number of esg + cells (Fig. 5A and Fig. S8 A-D) . Second, we tested whether pan is required to maintain esg + cells in response to challenge. In contrast to unchallenged controls, we observed a reduction in the percentage of guts containing esg + cells in pan ΔN mutants after challenge demonstrating that pan is required under both baseline and adaptive conditions (Fig. S8E) . Finally, we used the MARCM system to compare the maintenance of GSSCs in WT and pan ΔN lineages that were generated in the adult. In contrast to WT lineages, GSSC lineages expressing pan ΔN were rapidly lost from the gastric epithelium (Fig. 5 B-D) . Altogether, these experiments suggest that Wnt signaling is necessary for the maintenance of GSSCs in the gastric stem-cell niche. 
Discussion
In this study, we have characterized epithelial homeostasis of the adult Drosophila stomach by using cell lineage-tracing methodologies. Independent approaches each provide direct evidence for a quiescent GSSC that maintains the acid-secreting cells of the CCR. The simplest interpretation of the data is that the adult Drosophila stomach is maintained by esg + GSSCs (Fig. 6 ), although our studies do not formally exclude more complex alternatives. A range of environmental challenges tested robustly induced division of quiescent GSSCs to produce a daughter cell that can differentiate into a copper, interstitial, or enteroendocrine cell of the stomach. We call the undifferentiated GSSC daughter cell a gastroblast, in accord with previously established nomenclature conventions (18, 28, 29) . Finally, the functional relationship of LFCs of the middle midgut to the acid-secreting CCR of the stomach still remains unclear. Although our data clearly indicate that a multipotent lineage renews the LFC region, our study did not specifically focus on measuring the self-renewal capacity of this progenitor cell population. To distinguish these progenitor cells from their GSSC neighbors, we designate them LFC stem cells.
The mammalian stomach performs several important functions, including temporary storage, movement, and sterilization of ingested food through secretion of hydrochloric acid, thus providing an important line of defense against ingested pathogens. In addition, secretion of enzymes and hormones promotes digestion and relays physiological status to other tissues in the organism. We have emphasized that many of these attributes appear to be functionally analogous to the adult Drosophila CCR, although perhaps not all. For example, the crop, a diverticulated sac descending from the GI tract at the foregut-midgut junction, is thought to be important for storage and determining satiety after meals in certain insects (30) , a function that is not obviously represented in the CCR. Similarly, the proventriculus, which also lies at the foregut-midgut junction, is classically thought to function as a one-way valve, and the site of peritrophic membrane production in many insect species (31), may be analogous to the esophageal sphincter. Interestingly, a recent study has reported the presence of stem cells in the adult proventriculus (32) . Thus, functional hallmarks of the mammalian stomach may be distributed among a variety of distinct anatomical locations in the insect GI tract.
A fundamental characteristic of the GI tract in many, if not all, multicellular organisms is the functional specialization found along the anterior-posterior axis. How the distinct homeostatic demands of each unique physiological compartment are met is currently not well understood. Genetic analysis of the adult Drosophila GI tract suggests that certain stem-cell niches share some aspects of their regulatory control. For example, analysis of the Wnt signaling pathway has uncovered a requirement for the pathway in maintenance of a number of different adult stem-cell populations, including those found in the proventriculus, posterior midgut, and hindgut (22) (23) (24) 32) . Our study suggests that Wnt signaling is also required for the maintenance of GSSCs in the stomach. However, not all features of this genetic program appear to be shared. Notch/Dl signaling has been found to be a key regulator of cell fate specification in the intestinal stem cell lineage of the posterior midgut (18, 19, 28, 33) . However, characterization of Notch pathway reporters performed in this study and in the context of the renal stem cells of the Malpighian tubules suggests that Notch signaling is regulated differently in these lineages (29) . Together, these observations raise the hypothesis that homeostasis in the GI tract is achieved through the region-specific modification of a core niche program, which adapts each stem cell to a region-specific physiology. Future studies will define the distinct molecular and environmental factors that control GSSC quiescence in the adult Drosophila stomach.
In conclusion, the Drosophila stomach is a model for understanding fundamental mechanisms controlling stem cell behavior and homeostasis in the gastric lineage. The relative simplicity of the Drosophila system should facilitate an understanding of conserved processes and provide insight into the mechanism of tumorigenesis, Helicobacter pylori pathogenesis, and metabolic signaling in the stomach. 
